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Abstract 

It is well known that in the presence of strong external 
electromagnetic fields many processes forbidden in stan- 
dard QED become possible. One example is the one- 
photon annihilation process considered recently by the 
present authors in the framework of a kinetic approach to 
the quasiparticle e~e + j plasma created from vacuum in 
the focal spot of two counter-propagating laser beams. In 
these works the domain of large values of the adiabaticity 
parameter 7 3> 1 (corresponding to multiphoton processes) 
was considered. In the present work we estimate the inten- 
sity of the radiation stemming from photon annihilation in 
the framework of the effective mass model where j < 1, 
corresponding to large electric fields E < E c = m 2 /e and 
high laser field frequencies v < m (the domain character- 
istic for X-ray lasers of the next generation). Under such 
limiting conditions the resulting effect is sufficiently large 
to be accessible to experimental observation. 

INTRODUCTION 

The planned experiments [ 1 ] for the observation of an 
e~e + plasma created from the vacuum in the focal spot of 
two counter-propagating optical laser beams with the inten- 
sity / > 10 21 W/cm 2 raises the problem of an accurate the- 
oretical description of the experimental manifestations of 
the dynamical Schwinger effect 10, see also Refs. [3]|4l[5]. 
The existing prediction [6] in the domain of strongly sub- 
critical fields E <C E c — m 2 /e of a considerable num- 
ber of secondary annihilation photons is not rather con- 
vincing because it is based on the S-matrix approach for 
the description of quasiparticle excitations in the presence 
of a strong external electric field. In particular, this ap- 
proach does not take into account vacuum polarization ef- 
fects. Apparently, an adequate approach for the descrip- 
tion of vacuum excitations in strong electromagnetic fields 
is a kinetic theory in the quasiparticle representation. The 
simplest kinetic equation (KE) of such type for the e~e + 
subsystem has been obtained for the case of linearly polar- 
ized, time dependent and spatially homogeneous electric 
fields [2]. Some generalizations of the KE in the fermion 
sector have been worked out in Refs. [7 8 9]. It can be ex- 
pected, that electromagnetic field fluctuations of the e~e + 
plasma are accompanied by the generation of real photons 
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which can be registered far from the focal spot. The first 
two equations of the BBGKY chain for the photon sector 
of the e~e + plasma were obtained in ifTOlfTTI . This level is 
sufficient for the kinetic description of the one-photon an- 
nihilation. In the presence of an external field such process 
is not forbidden iFTZl . In the works iflOl [TP it was shown 
that the spectrum of the secondary photons in the low fre- 
quency domain k <C m has the character of the flicker 
noise. In the work [ 1 3 1 the inclusion of vacuum polariza- 
tion effects in the one-photon radiation spectrum led to an 
essential change of the photon KE which was investigated 
in a broad spectral band including the annihilation domain 
v ~ 2m. First we have considered the domain of large 
adiabaticity parameters 7 ^> 1, where the photon radiation 
from the focal spot turns out to be very small. However, 
the tendency of the effect to grow for 7 — y 1 has been dis- 
covered. This is just the domain of practical interest for 
parameters of modern lasers. 

In the present work the effective mass model is consid- 
ered which allows to investigate the photon radiation in the 
domain of rather strong fields not restricted to specific val- 
ues of the adiabacity parameter. Some crude estimations in 
the framework of this model [12] lead to an unexpectedly 
large total photon production intensity. 

EFFECTIVE MASS MODEL 

We will proceed from the photon kinetic equation 

F(k,t) = fdt'J d 3 pe -;*(^V,*) x 

xK(p,p + k, k; t', t)f(p, t')f(p + k, t') + c.c. (1) 

for the one-photon annihilation mechanism taking into ac- 
count vacuum polarization effects in the low density ap- 
proximation 1131 . In Eq. ((TJ F(k,t) and f(p,t) are the 
photon and electron (positron) distribution functions, re- 
spectively, k is the wave vector of the radiated photon and 

t 

8(Pi,P2, k;t',t) = J dr [uj(p 1 ,r) +uj(p 2 ,r) - k] (2) 
v 

is the high frequency phase. 

The two-time convolution K (p, p+k, k; t' , t) of the four- 
spinors is a slowly varying function of its variables and can 



be replaced by its average K — > Kq ~ 1, which is suffi- 
cient for coarse estimations. 

The effective mass model 1 12 1 is based on the approxi- 
mation 



m 2 + (p- eA(t) 



with the effective mass defined by the relation 

m 2 +e 2 El/2v 2 = 



(3) 



7TL -\- e {A 2 (t) 
m 2 (l + l/2 7 2 ), 



(4) 



where (...) denotes the time averaging operation, v is the 
frequency of the periodic laser field and Eq is its field 
strength amplitude, 7 = (E c /Eo){y/m) is the adiabatic- 
ity parameter. 

In this approximation the phase (O becomes monochro- 
matic 



(5) 



to*(pi,P2,k) = w»(pi) +cj,(p 2 ) - k, (6) 

i.e. the approximation <[3j leads to a suppression of multi- 
photon processes (it corresponds to the large values of the 
adiabacity parameter 7 > 1) and the mismatch © can be 
compensated by the harmonics of the fermion distribution 
functions in Eq. (Q} only. 

The inspection of the fermion distribution function 
shows, in particular, that it oscillates basically with twice 
the laser frequency 



f(p,t) = -f(p)[l-cos(2vt)} 



(7) 



The substitution of Eqs. Q and © into the kinetic equa- 
tion ([TJ allows to perform the time integration, leading to 
the appearance of two harmonics in the radiation spectrum 
only (the 2 nd and the 4 th ), 

F(k, t) = - A (2) (fc) cos(2i/t) + A {i) {%) cos(4z^) , (8) 



A (2) (k) = 



7T KqCi 
2k 



d 3 p r 



(2tt) 3 
d 3 p j 



f(p)f(p + k)S(2u-n t ) 



(9) 



~f(p)f(p+k)5(4v-n«) . (10) 



A 8k J (2^f 

It is important that a constant component is absent here, 
because the mismatch (O could not be compensated in this 
case by other sources of the time dependence on the r.h.s. 
ofEq.OQ 

Thus, in the case of the infinite system the solution dHJ 
can be interpreted as "breathing" of the photon subsystem. 
However, the situation is changed, when the generation of 
the e~e + 7 plasma is considered in a small spatial domain 



'This is in contrast to the case 7 » 1, where accounting for multi- 
photon processes in the phase (2} leads to a constant component 1131 . 



of the focal spot with volume ~ A 3 due to the vacuum 
condition of the absence of the e~e + 7 plasma in the ini- 
tial moment of switching on the laser field. In this case 
one can expect, that all annihilation photons generated in 
the first half-period of the field will leave the volume of 
the system and therefore in the next half -period the reverse 
process (photon transformation to e~e + plasma) will be 
impossible. Such a mechanism leads to a pulsation pattern 
for the photon radiation from the focal spot. It corresponds 
to introducing the condition of a positive definite photon 
production rate on the r.h.s of Eq. ([8]). 

For estimations of the amplitudes (O, ( TTOb let us intro- 
duce the additional model approximation in the spirit of the 
model (O 



w* (p + k) — > lj* (p, k) = \J 0J 2 (p) + k 2 



(11) 



and the isotropisation condition f(p + k) — > f(p + k). The 
integrals on the r.h.s of Eqs. (O, dTOb can then be calcu- 
lated. For example, 



/(Po)/(po 



u*(p Q )uj*(p Q ,k) 



LU*(p Q ) +uj*(p ,k) 



where 



Po 



Au 2 {k + uf 
{k + 2v) 2 



(12) 



(13) 



is the root of the equation f2* — 2v = 0. From Eq. ( fT3l it 
is follows the threshold conditional 



2v(k + v) 
k + 2v 



(14) 



This condition is rather nontrivial because the effective 
mass depends also on v. The minimal permissible value 
v = 2m* corresponds to k — 0. For the 4 th harmonic the 
threshold value falls to v — m», which is close to the pa- 
rameters of the XFEL lfl"5l . 

The 1/fc - dependence on the r.h.s. of Eq. ( fT2l corre- 
sponds to the flicker noise. This feature in the spectrum 
of radiated annihilation photons has been found first in 
Ref. iflOl . 

The number of photons with the frequency k lying in the 
interval [k, k + dk] and radiated from the focal spot with 



the volume A 



per time interval is 



d 2 N 8nk 2 



dtdk 



F(k,t). 



(15) 



The fraction on the r.h.s. of Eq. ( flZb is a slow function 
of the frequencies k and v and for the sake of a prelimi- 
nary estimation it can be replaced by m*/2. For the 2 nd 
harmonic we then obtain from Eqs. (fT2l and (fl5l l 



d 2 N^ 2naK f) km i 



dtdk 



/(Po)/(po + k)p 



(16) 



2 A similar effect was found first in the theory describing the absorp- 
tion of a weak signal by the e - e + plasma created from vacuum [14]. 



As a representative characteristics of the effectiveness of 
the radiation from the focal spot domain we will consider 
the total photon number per time interval, 



dk k /(po)/(po + k) PQ . (17) 



The electron and positron distribution functions entering 
here are defined as the solutions of the corresponding non- 
perturbative kinetic equation [2, 7| describing vacuum cre- 
ation of e~e + pairs under the action of a strong, time de- 
pendent electric field of a standing wave of two counter 
propagating laser beams. The cutoff parameter fc max = 
2to* is introduced in order to take into account the annihi- 
lation photons in the radiation spectrum. 

The fermion distribution function f(j>, t) is a rapidly de- 
creasing function with its maximum in the point p = 1 3 1 . 
On this basis for a rough estimation one can put po = in 
the arguments of these functions on the r.h.s. of Eq. ( fTTI i. 



constant component in the photon production rate. Thus 
a compensation of the mismatch (0 is possible by means 
of these two harmonics only. The domain of applicability 
of this model is limited to the X-ray domain of the laser 
radiation. The model suggests a high integral luminosity of 
~ 10 15 photons per sec from the focal spot. Other features 
of the model are: the 1/fc-behavior in the infrared domain 
k <C in (the flicker noise of electrodynamic nature) and the 
threshold effect. These results are encouraging for a fur- 
ther detailed study of the photon kinetics on the basis of 
the one-photon annihilation mechanism in the domain of 
small adiabacity parameters 7 < 1. 
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NW = 2 ™ K ° m * m 1 dkkf(k) P0 , (i8) 



where according to Eq. ( fT3l 



Po(k) 



k + 4m* 



/48 + 56- 



15- 



k 2 



4 V m* 



(19) 



because the small fc max <C m* is effective in the integral 
dT8V As the result, we obtain the following order of mag- 
nitude estimate 



A> (2) ~ am«/ 2 (0) . 



(20) 



For the XFEL parameters Eq = 0.24E C and A = 15 nm 
ifTSI we have according to the kinetic theory in the e~e + 
sector /(0) ~ 1CT 2 . From Eq. ( f20l > then follows 



A>< 2 



10 17 s" 1 



(21) 



For the 4 th harmonic with the oscillation amplitude ( TTOb 
the threshold for the generation of annihilation photons is 
lowered (see discussion after Eq. (fl4l ) but the intensity of 
the photon radiation is also lowered so that the order of 
magnitude of (|2"TT > remains unchanged. 

SUMMARY 

We have considered the effective mass model [12] which 
allows a rather simple solution of the kinetic equation de- 
scribing (in the framework of the one-photon annihilation 
mechanism) the photon radiation from the focal spot of two 
counter-propagating laser beams. This simple model leads 
to considerable depletion of the spectrum of parametric os- 
cillations of the e~e + 7 plasma: only the 2 nd and 4 th har- 
monics remain due to the condition of the absence of a 
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